Schroeder A, Loh DH, Jordan MC, Roos KP, Colwell CS. Circadian regulation of cardiovascular function: a role for vasoactive intestinal peptide. Am J Physiol Heart Circ Physiol 300: H241-H250, 2011. First published October 15, 2010 doi:10.1152/ajpheart.00190.2010.-The circadian system, driven by the suprachiasmatic nucleus (SCN), regulates properties of cardiovascular function. The dysfunction of this timing system can result in cardiac pathology. The neuropeptide vasoactive intestinal peptide (VIP) is crucial for circadian rhythms in a number of biological processes including SCN electrical activity and wheel running behavior. Anatomic evidence indicates that SCN neurons expressing VIP are well positioned to drive circadian regulation of cardiac function through interactions with the autonomic centers.
as heart rate (HR) and blood pressure are elevated during periods of wake and depressed during periods of sleep in anticipation of the level of physical activity and physiological demands of the organism (16) . Cardiac tissue also exhibits rhythmic expression of clock genes (17, 30, 38, 45) . The function of such oscillations in the heart is unknown, but a reasonable assumption is that these molecular oscillations serve to gate information from the SCN to heart-specific rhythmic outputs. Circadian rhythms of HR and clock gene expression in the heart disappear when the SCN is lesioned (32, 48, 63) .
In humans, the onset of cardiovascular events such as myocardial ischemia, infarctions, and arrhythmias cluster around the morning period, suggesting an influence by the circadian system (22, 29, 36, 37) . Furthermore, disruptions in the circadian system caused by shiftwork is associated with an increased incidence of cardiovascular disease and mortality (7, 26, 54, 59) . Work using animal models supports the view that circadian rhythmicity may be a critical aspect of cardiovascular health. Circadian perturbations have been shown to exacerbate heart disease and decrease survival in cardiomyopathic hamsters (31, 32, 40) . It has also been shown that the deletion of mouse Per2 in all tissues provided a protective measure against myocardial infarction (61) . These studies suggest a complex interaction between circadian rhythms and cardiovascular function exists that influences cardiovascular disease progression.
The neuropeptide VIP and its receptor VPAC 2 R are critical for normal circadian function. Loss of VIP signaling has been shown to abolish electrical rhythmicity in a subgroup of SCN neurons, whereas those that remain rhythmic exhibit a decrease in cellular coupling (2, 6, 34, 62) . Many SCN neurons that project to extra-SCN tissues and peripheral outputs are VIPergic, and, therefore, VIP may be required for communication between the SCN and peripheral tissues to drive rhythms in behavior and other biological processes (3, 23, 52) . Indeed, studies (4, 11, 28, 39) of circadian output in VIP-deficient mice have demonstrated that VIP is critical for normal circadian rhythms in wheel running behavior, metabolic processes, and plasma corticosterone levels. This study examined the effect of loss of VIP on rhythms and function of the heart. In addition, we concurrently measured rhythms of body temperature and cage activity, which enabled a comparison of the effects of loss of VIP on various physiological measurements.
MATERIALS AND METHODS

Experimental animals.
To study the effects of loss of VIP on circadian rhythms of HR, body temperature, and cage activity, we used adult male C57BL/6J mice lacking the genes encoding for VIP and peptide histidine-isoleucine (VIP Ϫ/Ϫ mice). As controls, litter-mate or age-matched mice from other litters were used [wild-type (WT) mice]. All animal experimentations were approved by and conducted in accordance with recommendations and guidelines of the Division of Laboratory Animals of the University of California (Los Angeles, CA) and the National Institutes of Health. Mice were placed in a cage in the absence of a running wheel. Under light-dark (LD) conditions, Zeitgeber (ZT) 0 was defined as the time of lights on and ZT 12 as the time of lights off. Under constant darkness (DD), circadian time (CT) 12 was defined as the onset of increased activity (point of half-maximal rise) in HR, body temperature, or cage activity. In VIP-deficient mice, we often found circadian arrhythmicity of HR and cage activity but concurrently detected rhythms in body temperature in the same animal. To produce group mean waveforms and analyze subjective day-night differences in these cases, we used the onset of body temperature to define CT 12 for HR and cage activity.
Telemetry measurements. WT and VIP-deficient mice (3-4 mo) were surgically implanted with a wireless radiofrequency transmitter (ETA-F20, Data Sciences, St. Paul, MN). Mice were housed in individual cages in the absence of a running wheel. Cages were placed atop telemetry receivers (Data Sciences) in a light-and temperaturecontrolled chamber. Standard rodent chow was provided ad libitum. Data collection began 2 wk postsurgery to allow mice to recover in the 12:12 LD cycle. We recorded 20 s of ECG and measured average body temperature and cage activity every 10 min for ϳ15 days. Lights were then turned off, and measurements continued under DD conditions for another 15-20 days. HR was extrapolated from ECG waveforms using the RR interval. Upon completion of LD and DD recordings, mice (5-6 mo old) were used for the light exposure and exercise experiments described below.
ECG and circadian analysis. A 20-s ECG recording every hour was used to calculate ECG intervals (RR, PR, QRS, QT, and QTc) using Ponemah Analysis Software (Data Sciences) at ZT 2-4 and ZT 14 -16 time points (LD conditions). HR variability (HRV) in the time domain (SD of all normal RR intervals) was calculated using the Data Science analysis software. Circadian rhythms of HR, body temperature, and cage activity were analyzed by periodogram analysis combined with a 2 -test (El Temps software, Barcelona, Spain). The strongest amplitude (ϭ power) of periodicities (within 20-and 31-h limits) was compared between WT and VIP-deficient mice. The amplitude of the 2 -test determined the period of a rhythm and its robustness.
Acute effects of light. To examine the acute, photic regulation of HR, we adapted a protocol previously described in rats (48) . Six days of 8-h HR recording from ZT 13 to ZT 20 were averaged and served as controls. On the seventh day, mice were exposed to light starting at ZT 14 and then returned to dark conditions at ZT 15. Recording continued until HR returned to baseline levels. During this experiment, ECG, body temperature, and cage activity data were recorded every minute.
Acute effects of exercise. Baseline HR was recorded for 20 min before forced exercise. Mice were placed on a motorized running wheel (Rota Rod, Ugo Basile Comerio, Italy) for 20 min at a constant speed of ϳ4 m/min. Recording continued for 20 min after exercise. Forced exercise was administered at ZT 2 and ZT 14, and an infrared viewer (FJW Industries) was used to visualize the mice in the dark. Data were recorded continuously.
Echocardiography and heart size. Middle-aged (12 mo) WT and VIP-deficient mice were subjected to functional analysis using twodimensional, M-mode echocardiography, and spectral Doppler images were acquired by a Siemens Acuson Sequoia C256 equipped with a 15L8 15-MHz probe (Siemens Medical Solutions, Mountain View, CA). Mice were lightly anesthetized with 1% isoflurane, and HRs were maintained between 450 and 600 beats/min during the procedure. Parameters measured included the following: ventricular septal thickness, end-diastolic diameter, posterior wall thickness, end-systolic diameter, aortic ejection time, left ventricular (LV) fractional shortening (in %), LV ejection fraction, LV mass, and the early diastole-to-atrial contraction ratio. Heart weights and tibia lengths were measured from middle-aged mice (12 mo) perfused with paraformaldehyde.
Real-time PCR of clock genes. RNA extraction and real-time PCR were carried out as previously described (28) . Briefly, RNA was extracted from the heart tissue of young mice (3-6 mo) using the TRIzol (Invitrogen) procedure and treated with DNase (Turbo DNAfree, Ambion, Austin, TX). cDNA was produced from 1 g of total mRNA (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Foster City, CA), and an equivalent of 50 ng of starting total RNA was used for real-time PCR using SYBR green (SYBR Green PCR Master Mix, Applied Biosystems). The oligonucleotide primer sequences used were as follows: Per2, sense 5=-GGGCAT-TACCTCCGAGTATA-3= and antisense 5=-GGCCACTTGGTTA-GAGATGTA-3=; Bmal1, sense 5=-CTCAACCATCAGCGACT-TCA-3= and antisense 5=-CTGCCTTTCCTCTTGCGATT-3=; and Gapdh, sense 5=-GGCCTTCCGTGTTCCTAC-3= and antisense 5=-TGTCATCATACTTGGCAGGTT-3=. Primers for Per2 were designed using Oligo6 (Molecular Biology Insights, Cascade, CO) and Mfold programs (65) to cross intron-exon boundaries and prevent contaminants in the subsequent RT-PCR. Relative levels of Per2 and Bmal1 transcripts were determined using the 2
Ϫ⌬⌬Ct method (where C t is threshold cycle) using Gapdh as the normalizing reference gene. We sampled mRNA at ZT 2, 6, 10, 14, 18, and 22 so that only large phase differences could be detected. The time of peak expression was determined for each gene and compared between WT and VIPdeficient mice.
Statistics. Genotypic comparisons were analyzed using a Student's t-test, whereas day/night comparisons were analyzed using a paired Student's t-test. We used Student's t-tests to compare the onset of HR, body temperature, and cage activity between WT and VIP-deficient mice. We also used Student's t-tests to compare maximum HR during forced exercise, HR responses to light exposure between WT and VIP-deficient mice, echocardiogram parameters, and heart weight-totibia length ratios. To analyze clock gene expression, we used a one-way ANOVA statistical test. Data were tested for normal distribution and variance, but in cases where the data did not pass these tests, we used nonparametric statistical tests (e.g., Wilcoxon signedrank test or Mann-Whitney rank-sum test) to determine significance. Statistical analyses were performed using Sigma Stat 3.5 software (San Jose, CA). Appropriate t-, Z-, F-, or H-statistics are reported, including the degrees of freedom for each analysis.
RESULTS
Analysis of ECG features.
Surgical implantation of a telemetric device into the abdomen allowed for the continuous recording of ECG waveforms (Fig. 1A) , body temperature, and cage activity in freely moving WT and VIP-deficient mice. We compared and analyzed a number of ECG features (RR, PR, QRS, QT, and QTc intervals; Fig. 1B ) between WT and VIP-deficient mice under LD conditions to detect any day/ night and genotypic differences (Table 1) . WT mice displayed significant day/night differences in the RR (Z 5 ϭ 2.20, P ϭ 0.031), PR (Z 5 ϭ 2.20, P ϭ 0.031), and QRS (t 5 ϭ 3.05, P ϭ 0.029) intervals, whereas VIP-deficient mice showed differences only in the PR interval (t 4 ϭ 3.67, P ϭ 0.021). A significant elongation of the QTc interval during the day period (t 9 ϭ 2.37, P ϭ 0.042) was detected in VIP-deficient mice compared with WT mice. These results indicate a disruption in the diurnal regulation of HR and a number of ECG intervals in VIP-deficient mice. Furthermore, the significant elongation of the QTc interval during the light phase in VIP-deficient mice suggests changes in the regulation of electrical activity, particularly in the repolarization of the heart.
Circadian analysis of HR, body temperature, and cage activity. To examine the circadian component of HR, body temperature, and cage activity of individual animals, we plotted the raw data to produce graphs similar to an actogram (Fig. 2 , A-C). The raw data were subjected to periodogram analysis (Table 2) , and the resulting amplitude was used as an index of rhythm strength. To examine rhythms at a population level, we produced group mean waveforms under LD and DD conditions (Fig. 2 , D-F) and compared average values between the day or subjective day (ZT or CT 0 -11) and the night or subjective night (ZT or . Under LD conditions, WT mice exhibited robust daily rhythms of HR, body temperature, and cage activity ( Table 2 ) that were synchronized to the LD cycle. The onset of these measurements occurred minutes after lights off (ZT 12): HR onset, 11.5 Ϯ 20 min; body temperature onset, 27 Ϯ 17 min; and cage activity onset, 23.9 Ϯ 12 min (Fig. 2 , D-F). Significant day/night differences in HR (t 6 ϭ Ϫ11.54, P Ͻ 0.001), body temperature (t 6 ϭ Ϫ8.693, P Ͻ 0.001), and cage activity (t 6 ϭ Ϫ5.238, P ϭ 0.002) were detected (Table  3) . When WT mice were placed under DD conditions, circadian rhythms of HR, body temperature, and cage activity remained robust with a free-running period of 23.7 Ϯ 0.1 h (Fig. 2 and Table 2 ). Subjective day/night differences in average HR (t 6 ϭ 9.085, P Ͻ 0.001), body temperature (t 6 ϭ Ϫ19.684, P Ͻ 0.001), and cage activity (t 6 ϭ Ϫ5.588, P Ͻ 0.001) remained significant (Table 3) .
VIP-deficient mice displayed weak diurnal rhythms in HR, body temperature, and cage activity ( Table 2 ). The onsets of all three physiological measurements were significantly advanced in VIP-deficient mice compared with WT mice (HR: Ϫ215 Ϯ 71.8 min, T ϭ 56.6, P ϭ 0.035; body temperature: Ϫ244 Ϯ 50.6 min, t 12 ϭ 7.165, P Ͻ 0.001; and cage activity: Ϫ194 Ϯ 51.8 min, T ϭ 69.06, P Ͻ 0.001), indicating an advanced phase angle of entrainment (Fig. 2, D-F) . Day/night differences in cage activity (Z 7 ϭ 2.521, P ϭ 0.008) were significant in VIP-deficient mice, but no differences were detected for HR (t 7 ϭ 2.325, P ϭ 0.058) and body temperature (t 7 ϭ 1.497, P ϭ 0.18). Under DD conditions, HR was arrhythmic in all VIPdeficient mice tested (8 of 8 mice; Table 2 ). Rhythms in cage activity were detected in only two of eight mice, and these rhythms were weak with a shortened free-running period (22.3 Ϯ 0.17 h). Most VIP-deficient mice maintained circadian rhythms in body temperature (7 of 8 mice) but with shortened periodicity (22.7 Ϯ 0.25 h). To produce average waveforms of HR and activity despite the absence of a detectable rhythm in individual mice, we used the half-maximal rise of body temperature, which remained rhythmic in VIP-deficient mice, to determine CT 12 for HR and cage activity. We detected significant subjective day/night differences in body temperature (t 7 ϭ Ϫ6.693, P Ͻ 0.001) and cage activity (t 7 ϭ Ϫ3.636, P ϭ 0.008), but no difference was detected for HR (t 7 ϭ Ϫ1.511, P ϭ 0.175; Table 3 ). Under both LD and DD conditions, there were no significant differences in average HR, body temperature, and cage activity between WT and VIPdeficient mice except for a significant decrease of average cage activity in VIP-deficient mice under DD conditions (WT mice: 6.47 Ϯ 0.73 arbitrary units and VIP-deficient mice: 3.75 Ϯ 0.322 arbitrary units, T ϭ 76, P ϭ 0.021). These data indicate that the temporal patterning of HR, body temperature, and cage activity is impacted in VIP-deficient mice. Shaded regions indicated when mice were in the dark. Each horizontal row represents a 24-h period that was plotted twice, and each day/row was plotted in succession. Ten days of HR, body temperature, and cage activity were averaged to produce group mean waveforms of HR (D), body temperature (E), and cage activity (F) for WT (n ϭ 7) and VIPdeficient (n ϭ 8) mice under LD (top) and DD (bottom) conditions. All of the WT mice showed strong diurnal and circadian rhythms of HR, body temperature, and cage activity (7 of 7 mice) under LD and DD conditions. VIP-deficient mice displayed dampened diurnal rhythms in HR (6 of 8 mice), body temperature (8 of 8 mice), and cage activity (7 of 8 mice) under LD conditions. Under DD conditions, VIP-deficient mice displayed a dampened circadian rhythm of body temperature (7 of 8 mice) and cage activity (2 of 8 mice). VIP-deficient mice did not display a circadian rhythm of HR under DD conditions (0 of 8 mice), as assessed by periodogram analysis.
HR and body temperature rhythms during periods of no/low activity. While levels of motor activity and HR are closely coupled, previous work has attempted to separate these parameters by measuring HR during times of low activity (48, 49) . We undertook a similar analysis and extracted HR and body temperature data during periods of low/no activity (Ͻ1% of average activity). In WT mice, there were still clear rhythms in HR and body temperature under both LD and DD conditions during times at which the mice were inactive (Supplemental Fig. 1) . 1 In contrast, VIP-deficient mice showed no day/night differences in HR under LD or DD conditions in the absence of activity. However, the rhythms in body temperature in VIPdeficient mice persisted under these conditions. These data indicate that, even if we factor out acute activity, we can still measure clear rhythms in body temperature but not HR in VIP-deficient mice.
Rhythms of HRV. HRV is an index of the balance of sympathovagal signals to the heart and measures the variability of the time between individual heart beats (33). We assessed the temporal patterning of neural signals to the heart by calculating HRV from WT and VIP-deficient mice under LD and DD conditions (Fig. 3) . WT mice exhibited significant day/night differences in HRV under LD conditions (t 6 ϭ 3.60, P ϭ 0.01) and significant subjective day/night differences under DD conditions (t 6 ϭ 4.582, P ϭ 0.005). VIP-deficient mice did not exhibit a day/night difference in HRV under LD conditions (t 7 ϭ 1.88, P ϭ 0.10). Under DD conditions, there was no rhythm evident in the average waveform (Fig. 3B) ; however, if we used body temperature rhythm to define CT, we did find a low amplitude rhythm of HRV in VIP-deficient mice (t 7 ϭ 3.96, P ϭ 0.005; Fig. 3D ). HRV was higher during the subjective day compared with the subjective night in all VIPdeficient mice (Supplemental Fig. 2 ), although the difference was small compared with WT mice. Average HRV (measured over 24 h) did not vary between the genotypes, so the autonomic nervous system (ANS) still functioned but the temporal patterning was altered. These results suggest that circadian regulation of sympathovagal signals is dampened but not completely eliminated in VIP-deficient mice.
Acute regulation of HR. In addition to a circadian component, HR is acutely regulated via the ANS to allow the organism to respond to various external stimuli. To determine whether the acute regulation of HR is intact in VIP-deficient mice, we exposed mice to light (1 h) at ZT 14. In WT mice, the administration of light resulted in a precipitous drop in HR followed by a rapid recovery to baseline levels (Fig. 4A) . In VIP-deficient mice, HR decreased in response to light administration (Fig. 4B) , with an amplitude that was not significantly different than WT mice (WT mice: 175 Ϯ 20 beats/min, n ϭ 7; and VIP-deficient mice: 201 Ϯ 27 beats/min, n ϭ 6, t 11 ϭ 0.810, P ϭ 0.44) but at a rate that was significantly delayed (rate to maximum response: WT mice, 36 Ϯ 4 min and VIP-deficient mice, 113 Ϯ 10 min; t 11 ϭ 8.049, P Ͻ 0.001). The recovery rate was determined by measuring the duration from the time of maximum response to the return of HR to baseline levels, which we found was not significantly different between WT (43.6 Ϯ 23 min) and VIP-deficient mice (32.21 Ϯ 21 min). This result suggests that the acute HR response is present in VIP-deficient mice, but the loss of VIP may be delaying the transmission of light information to the heart. We also challenged the cardiovascular system to respond to an exercise protocol. HRs of WT and VIP-deficient mice increased when mice were forced to run at two time points: ZT 2 and ZT 14 (Fig. 4, C and D) . We compared HRs of WT and VIP-deficient mice during exercise (20 min in duration) at both time points (WT mice: ZT 2, 751 Ϯ 6 beats/min and ZT 14, 790 Ϯ 2 beats/min; VIP-deficient mice: ZT2, 773 Ϯ 2 beats/ min and ZT 14, 801 Ϯ 2 beats/min). VIP-deficient mice exhibited significantly higher HRs during exercise in both the light (t 10 ϭ 2.43, P ϭ 0.036) and dark (t 10 ϭ 3.40, P ϭ 0.007) compared with WT mice. These data suggest that acute sig-1 Supplemental Material for this article is available at the American Journal of Physiology-Heart and Circulatory Physiology website. Values are means Ϯ SE. LD, light-dark; DD, constant darkness; HR, heart rate. Peak amplitudes (ϭ power) were compared between WT (n ϭ 7) and VIP-deficient mice (n ϭ 8) under LD and DD conditions. Genotypic comparisons were analyzed by Student's t-test (*P Ͻ 0.05). naling to the heart is intact in VIP-deficient mice, although their response to exercise is larger than WT mice.
Cardiac function and morphology. To determine whether loss of VIP may have functional consequences on the heart, we performed echocardiograms on WT and VIP-deficient mice at 12 mo of age. Our results showed no significant differences in any of the measurements by this assay between the various groups ( Table 4 ), indicating that the hearts of VIP-deficient mice are functionally intact. Previous work has suggested that the hearts of these mice exhibit hypertrophy (44), so we calculated the heart weight-to-tibia length ratio to provide an index for hypertrophy (Supplemental Fig. 3, A and B) . We did not find significant differences in the heart weight-to-tibia length ratio between WT and VIP-deficient mice at this age.
Clock gene expression in the heart. Most peripheral tissues, including the heart, possess a molecular clock and display circadian rhythms in core clock gene expression. To determine the condition of the molecular clock in the hearts of VIPdeficient mice, we measured mRNA expression levels of the clock genes Per2 and Bmal1 under LD conditions at ZT 2, 6, Fig. 3 . Daily pattern of HR variability (HRV) in WT and VIP-deficient mice. HRV was determined by calculating the variance of the time between individual beats, also known as the interbeat interval (IBI). Group mean waveforms of HRV using 10 days of data were produced for WT (n ϭ 7) and VIPdeficient (n ϭ 8) mice under LD (A) and DD (B) conditions. WT mice displayed significant day/night differences under LD (C) and DD (D) conditions. No significant day/night differences were measured for VIP-deficient mice under LD conditions (C), but significance was detected under DD conditions (D). HRV was consistently decreased during the subjective night (S. night) compared with the subjective day (S. day) in both WT and VIPdeficient mice. These data were analyzed using a paired Student's t-test (*P Ͻ 0.05). (n ϭ 7) . B: VIPdeficient mice (n ϭ 6) responded to the light treatment, but at a rate that was significantly delayed (P Ͻ 0.001). Forced exercise triggered the significant increase of HR in WT (n ϭ 5) and VIP-deficient (n ϭ 5) mice at ZT 2 (C) and ZT 14 (D) time points. VIP-deficient mice exhibited an increase in HR that was larger than WT controls. Bars indicate the times of treatment.
10, 14, 18, and 22 (Fig. 5) . As measured by one-way ANOVA, Per2 and Bmal1 were rhythmic in both WT mice (Per2: H 5 ϭ 21.08, P Ͻ 0.001; and Bmal1: H 5 ϭ 19.56, P ϭ 0.002) and VIP-deficient mice (Per2: H 6 ϭ 21.54, P ϭ 0.001; and Bmal1: H 5 ϭ 18.43, P ϭ 0.002). We also found a clear advance in the phase of peak expression of both genes (Per2 peak phase: WT mice, ZT 13 and VIP-deficient mice, ZT 6; t 6 ϭ 3.656, P ϭ 0.011; Bmal1 peak phase: WT mice, ZT 1 and VIP-deficient mice, ZT 20; T 7 ϭ 10.00, P ϭ 0.029) compared with WT controls. These results indicate that the loss of VIP does not disrupt molecular rhythms in the heart but alters the phase of these rhythms under LD conditions.
DISCUSSION
In this set of experiments, we used a telemetry system to measure the impact of loss of VIP on daily and circadian rhythms in HR, body temperature, and cage activity in freely moving mice. We found that loss of VIP differentially disrupted these physiological and behavioral rhythms. Most dramatically, VIP-deficient mice exhibited weak rhythms in HR under LD conditions, which were completely lost under DD conditions, confirming a central role for VIP in the circadian regulation of HR. Rhythms of cage activity in VIP-deficient mice were weak under LD conditions, and most mice were arrhythmic under DD conditions. In contrast, VIP-deficient mice exhibited daily rhythms in body temperature, albeit with an altered phase compared with WT controls, and continued to display robust rhythms in body temperature under DD conditions with a shortened free-running period. The changes in profile and the reduction in the amplitude of the average waveform of physiological outputs may also be impacted by the imprecise onset of activity observed in VIP-deficient mice (11) . All three peripheral outputs displayed onsets (half-maximal rise) that were phase advanced under an LD cycle, which has also been described for feeding behavior and metabolism in VIP-deficient mice (4) . This phase advance in onset under LD conditions was absent when activity was measured using a running wheel (11) . Furthermore, the wheel appears to improve rhythms in activity under DD conditions, raising the possibility that running on the wheel may be able to temporally organize activity rhythms in VIP-deficient mice (11, 41) . Overall, it appears that the impact of loss of VIP on circadian rhythms varies with the output being measured. Within the SCN, genetic loss of VIP or VPAC 2 R disrupts circadian rhythms in neural activity in the SCN population (6, 12) , where the loss of VIP decreases the number of electrically rhythmic SCN neurons (2) and appears to weaken the coupling among the remaining rhythmic SCN neurons (2, 10) . Circadian regulation of peripheral tissues may be specialized at the level of the SCN, an idea that has been suggested by a number of studies (24, 25) . In the case of VIP-deficient mice, SCN neurons that regulate body temperature may be among those that do not require VIP to generate daily rhythms. In contrast, arrhythmic physiological processes in VIP-deficient mice, such as the regulation of plasma corticosterone levels (28) and HR, may have circuitry coupled to the arrhythmic SCN neurons. Running on the wheel may provide feedback to the SCN that aids in the coupling of individual neurons. Models considering the role of VIP as a coupling molecule within the SCN (58, 60) will need to take into account the findings that not all outputs are arrhythmic in VIP-deficient mice.
The telemetry system enabled us to record ECG waveforms from WT and VIP-deficient mice under LD conditions. While most of the ECG parameters were not different between WT and VIP-deficient mice, there was a significant increase in the duration of the QTc interval in VIP-deficient mice during the light phase. A long QTc interval indicates a delay in the repolarization of the ventricle after contraction, which is a risk factor for ventricular arrhythmias and sudden death in humans (42, 46) . In most cases, long QT syndrome is caused by an ion channelopathy associated with loss-of-function mutations in Values are means Ϯ SE; n ϭ 7 WT mice and 4 VIP-deficient mice. LV, left ventricular; E, early diastole contraction; A, atrial contraction. There were no significant differences between the genotypes. Fig. 5 . Expression profiles of clock genes period 2 (Per2) and Bmal1 in heart tissues of WT and VIP-deficient mice under LD conditions using RT-PCR techniques. Each time point shows mean results of 3-4 hearts. A one-way ANOVA statistical test was used to determine whether there were significant differences in expression. Bars indicate differences in peak expression between WT and VIP-deficient mice; results were analyzed using Student's t-test (*P Ͻ 0.05).
genes encoding for repolarizing K ϩ channels or proteins that interact with these channels (21) . Expression levels of K ϩ channels have been shown to fluctuate depending on the time of day (53, 64) , and pharmacological administration of nicroandil, a K ϩ channel opener, can selectively disrupt rhythms in HR but not body temperature or cage activity (15) . VIP regulates K ϩ channels in a variety of tissues, including the colon, coronary arteries, and trachea (47, 51, 57) . Within the heart, VIP has effects on the neuroexcitability of intracardiac neurons and can increase the rate and strength of contraction (1, 9, 18) . Based on these data, a reasonable hypothesis is that the disruption of circadian rhythms in HR in VIP-deficient mice may be in part due to the misregulation of K ϩ channel activity within the heart.
Neurons in the SCN containing VIP are well positioned to drive the rhythms in cardiac output through the regulation of the ANS (8, 25) . Previous anatomic studies have shown that VIP is expressed in SCN efferents projecting onto preautonomic neurons of the PVN (56) as well as in the parasympathetic postganglion neurons that innervate the heart (18). To assess the ANS and determine the effect of the loss of VIP, we examined HRV in WT and VIP-deficient mice. In WT mice, we found clear evidence for circadian regulation in HRV, whereas this rhythmicity appeared to be lost in the VIPdeficient mice. However, a closer inspection using the animal's own rhythm in body temperature to mark phase indicated that a low amplitude rhythm in HRV persisted even in the absence of VIP. Furthermore, the acute autonomic regulation of HR is still functional in VIP-deficient mice, as determined by their response to light exposure and exercise, although these responses were different compared with WT. In rodents, the light-evoked decrease in HR is largely driven by an increase in parasympathetic tone (48) , whereas the exercise-evoked increase in HR is driven by sympathetic activity (35) . In the present study, we found that VIP-deficient mice were able to decrease their HR in response to light to the same level as WT mice, albeit at a more sluggish rate. VIP-deficient mice also showed a rapid exercise-induced increase in HR that was even larger than WT controls. VIP's localization in the parasympathetic neurons may result in some reduction in parasympathetic function in mutant mice. Overall, the HRV data as well as the ability of the mice to respond to environmental challenges suggest that the autonomic regulation of HR is altered but still functional in the absence of VIP.
Interacting molecular feedback loops driving rhythmic transcription and translation of key clock genes such as Per and Bmal1 (20) are at the core of the oscillatory mechanism. Several studies (16, 17, 38, 45) have now shown that cardiac tissue exhibits rhythmic expression of clock genes. These molecular rhythms persist in isolated cardiomyocyte cultures, including persistent circadian oscillations in Per1-driven bioluminescence (13, 14) . These data are consistent with the conclusion that cardiovascular tissue contains molecular circadian oscillators that are independent from the SCN. The function of such oscillations in the heart is unknown, but a reasonable assumption is that these molecular oscillations serve to gate information from the SCN to heart-specific rhythmic outputs. Microarray studies (30, 43, 53) have found that hundreds of genes (ϳ10 -15% of total genome) oscillate in the heart. These rhythmic genes code for proteins such as ion channels, neurotransmitter receptors, and proteins involved in Ca 2ϩ flux, which are likely to have substantial effects on function. Under LD conditions, we found robust rhythms in the expression of Per2 and Bmal1 genes within the hearts of WT mice. These genes were also rhythmic in VIP-deficient mice but showed an advancement in the phase of peak expression, which nicely paralleled the advanced onset of HR, body temperature, and cage activity under LD conditions. The data demonstrate that loss of VIP can alter, but not eliminate, the daily rhythms in gene expression that underlie circadian oscillations in this peripheral organ. Previous work (19, 49) reported the loss of clock gene expression rhythms in the SCN of VPAC 2 R knockout mice, yet these mice continued to display gene expression rhythms in peripheral tissues such as the heart and liver. Given the present data demonstrating that clock gene expression is still rhythmic in the hearts of VIP-deficient mice, the impact of loss of VIP on the central clock and other peripheral organs will need to be revisited.
Several recent studies (5, 31, 32, 40) have found evidence that disruption of the circadian system alone is sufficient to lead to the development of cardiovascular disease in circadian compromised animals. Echocardiogram and heart weight-totibia length ratio data indicate that the hearts of VIP-deficient mice are normal in size and function in a normal range despite the loss of rhythms in activity, HR, and corticosterone. Perhaps the presence of rhythms in clock gene expression and body temperature in VIP-deficient mice protect the cardiovascular system in some way. More work on the interrelationships between VIP, disruption of circadian function, and cardiac morphology are clearly needed. We propose that the VIPdeficient mice as well as VPAC 2 R-deficient mice may provide important models to look at these relationships.
